We compared fluctuating asymmetry (FA) of wing vein lengths in honeybees (Apis mellifera) between heterozygotes and homozygotes at the malate dehydrogenase (MDH) locus. FA is an indirect measure of developmental homeostasis -the ability of individuals to develop normal phenotypes despite genetic and environmental stresses. Heterozygosity is thought to have a positive influence on developmental homeostasis; hence we hypothesized that honeybees heterozygous for the MDH locus would have greater developmental homeostasis and less FA than homozygotes. Our data support this hypothesis. For one of the five characters measured, MDH heterozygotes displayed less FA than homozygotes in both colonies we examined. We also detected differences in character size and character correlation between MDH heterozygotes and homozygotes, although these patterns were not consistent across colonies. A discriminant function analysis of wing vein characters revealed significant differences between homozygotes and heterozygotes.
Introduction
Developmental homeostasis is the ability of individuals to develop phenotypes within the normal range of expression despite environmental and genetic perturbations (Lerner, 1954) . Some individuals may have greater homeostatic capacity than others and therefore should exhibit morphological phenotypes closer to the population mean. One form of morphological variation particularly useful to students of developmental homeostasis is fluctuating asymmetry (FA) -uncorrelated differences between paired characters on either side of a bilaterally symmetrical organism (Van Valen, 1962) . Paired characters on either side of an organism should be under the control of the same developmental mechanism and should reach identical proportions unless perturbations disrupt canalization. FA is assumed to be negatively correlated with the capacity for developmental homeostasis.
Two nonmutually exclusive hypotheses for genetic influence on developmental homeostasis are genetic *Correspondence coadaptation and heterozygosity. Genetic coadaptation results from the balance of alleles both within and among chromosomes and is thought to be maintained by stabilizing selection (Mather, 1973; Clarke et aL, 1992; Clarke, 1993) . Several recent studies offer evidence for the influence of genetic coadaptation on developmental homeostasis (reviewed by Clarke, 1993; McKenzie & O'Farrell, 1993) . Moreover, there is a great deal of evidence demonstrating a positive relationship between heterozygosity and various measures of developmental homeostasis (Mitton & Koehn, 1975; Bruckner, 1976; Eanes, 1978; Mitton, 1978; Soulé, 1979; Leary et a!., 1983 Leary et a!., , 1985 King, 1985) . In many cases, especially those involving inbred populations, it has been difficult to sort out the influences of heterozygosity and genetic coadaptation. In the case of Soulé's (1967 Soulé's ( , 1979 work on lizard populations, his original conclusion that developmental homeostasis resulted from genic balance was amended to express the conclusion that heterozygosity alone could have accounted for much of the variation in FA. We stress the fact that there is room for both of these mechanisms -heterozygosity and genetic coadaptation -to operate within individuals.
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Haplodiploid organisms provide a particularly interesting system in which to examine the effect of heterozygosity on developmental stability. Because reproductive drones are haploid, heterozygosity cannot influence developmental stability in males. Nevertheless, increased heterozygosity in females may give them added buffering capacity as well as influence differences in developmental homeostasis between females. Previous studies of developmental homeostasis in honeybees have produced conflicting results. Comparing inbred and outbred stocks, BrUckner (1976) found that highly heterozygous workers were less morphologically variable than highly homozygous workers and that workers in general were less variable than hemizygous drones. In contrast, Clarke et a!. (1992) found no significant relationship between degree of inbreeding and FA. Honeybees are already highly homozygous because of haplodiploidy and other factors (Lester & Selander, 1979; Avery, 1984) . Therefore it may be difficult to detect differences between inbred and outbred colonies. We chose to avoid this problem by choosing one enzyme locus and assessing the relationship between heterozygosity at this locus and developmental homeostatis as revealed by the level of FA.
Honeybees show very little genetic variation within populations and are monomorphic at most enzyme loci (Pamilo et a!., 1978) . Malate dehydrogenase (MDI-I) is an unusual exception to this pattern in that it is polymorphic in most honeybee populations (Badino et aL, 1983) . Furthermore, Coelho & Mitton (1988) 
Methods

Collection
We collected 100 mature foragers of Apis mellifera ligustica from each of two separate colonies maintained in Boulder County, Colorado. Workers from colony one were collected in September 1991.
Workers from colony two were collected in September 1993. Bees were collected by removing them one at a time from the hive entrance as they returned from or were departing on foraging trips. The bees were frozen within 1 h of collection and stored at -20°C.
Electrophoresis
We removed the head of each bee and pulverized it in 0.2 mL dl H20. We centrifuged the resulting homogenate in a clinical centrifuge for one minute and extracted the supernatant for use in horizontal starch gel electrophoresis. The samples were subjected to 50 mA and 150 mV for 4 h at 4°C using the buffer system described by Tanaka et al. (1980) . The gels were then stained for MDH activity (Shaw & Prasad, 1969) .
Morphometric measurements For each bee we measured wet weight, without the head. We then removed the forewings from the thorax and mounted them on glass slides. We designated five wing veins to be examined for fluctuating asymmetry. We mounted the glass slides on a photographic enlarger and measured the length of each vein in the enhanced image with callipers ( Fig. 1) . The length of the enlarged image of the vein was measured in millimetres. The length of the glass cover slip on each slide was also measured to check that the amount of enlargement did not vary. As a blind, measurements were taken without previous knowledge of each individual's MDH genotype.
Some of the wings were damaged during mounting; hence we were unable to measure every character for each bee.
Statistical analysis
As indices of FA, we used both E j R1-L, I/N and (R-L)2/N (Palmer & Strobeck, 1986) . For each 4
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Charactersize
In colony one, four of the wing veins (Li, L4, Ri and R4) showed differences in length between heterozygotes and homozygotes (Table ia) . No such differences were found in colony two ( 1 are the result of greater enlargement.
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Fluctuating asymmetry
Homozygotes at the MDH locus had higher levels of FA for wing vein 2 in both colonies. In colony one, I R1-L I/N was significantly less for heterozygotes than for homozygotes (Table 2a) . In colony two, (R1 -L)2/N was significantly less for heterozygotes than for pooled homozygotes (Table 2b ).
Correlation analysis
In colony one, the correlations between R3 and R5 were significantly different between heterozygotes and homozygotes (x = 8.59, P<0.01) ( Table 3 ).
This difference suggests that the wings of heterozygotes and homozygotes in colony one had different shapes. In colony two, the pattern of correlations is more complex because of the presence of three genotypes. The correlation between R2 and R3 is different between heterozygotes and pooled homozygotes and between heterozygotes and FF homozygotes; however, it is not different between heterozygotes and SS homozygotes or between FF homozygotes and SS homozygotes (Table 4) . The correlation between R2 and R4 follows the same pattern. The correlation between R3 and R4 differs between the two homozygotes, but it does not differ between either homozygote and heterozygotes (Table 4) . Again, these relationships suggest a Means for homozygotes and heterozygotes compared by ANOVA (one-tailed, expecting homozygotes to be larger). *P<0.05. difference in shape among genotypes, although the pattern differs from that in colony one.
Discriminant function analysis
In colony one, a direct discriminant function analysis correctly classified 73 per cent of the individuals as either homozygotes or heterozygotes based on the five wing vein characters used in this study (P 0.02) . Wing vein characters Ri and R4, which showed significant differences in size between heterozygotes and homozygotes, were also the most useful characters for the discriminant function analysis (Table 5) . In colony two, the analysis correctly classified 61 per cent of individuals as either homozygotes or heterozygotes (pooled EF and SS) (P 0.39) . The most useful characters for discrimiination in this colony were R4 and R5 (Table 5) .
When the three genotypes in colony two were grouped separately, the analysis correctly identified 45 per cent of individuals by MDH genotype (P 0.39) . It is unclear as to whether it is heterozygosity at the MDH locus or at a linked locus which appears to enhance developmental homeostasis. The possibility also exists that MDH might serve as an index of total heterozygosity, although we believe this to be unlikely. The bees used in this study were from colonies with naturally mated queens. Honeybee queens typically mate with 7-17 males (Winston, 1987) . Therefore, MDH genotype for any daughter bee results from the inheritance of one allele from the queen and one allele from any of these many possible haploid males. This significantly reduces the possibility that MDH genotype in every worker is linked to the same entire set of chromosomes inherited from the male. The results of this study also suggest that not only do heterozygotes at the MDH locus exhibit greater developmental homeostasis, but genotype at this locus or a locus in linkage disequilibrium with it may directly influence development. This finding is consistent with other research demonstrating an effect of allozymes on development. DiMichele et a!.
(1991) and Paynter et a!. (1991) demonstrated that LDH (lactate dehydrogenase) allozymes have an effect on the development of killifish. Leary et al. (1993) examined the influence of a null allele at the LDH locus and revealed that heterozygotes for a null allele had greater fluctuating asymmetry than homozygotes for an active allele. They concluded that they were measuring the developmental consequences of genetic variation at a single locus.
Based on our comparison of wing vein lengths between heterozygotes and homozygotes, it would appear that heterozygotes possess a different wing shape from homozygotes. For colony one, the data on wing vein size alone may suggest that heterozygotes are merely larger overall. However, the weights of heterozygotes and homozygotes did not differ, suggesting no difference in overall size between the two. Also, colony two did not exhibit these size differences. Several characters were correlated differently in homozygotes than in heterozygotes -implying that heterozygotes and
homozygotes do indeed differ in shape. Again, the pattern was different for the two colonies. Perhaps the most compelling evidence for a difference in developmental outcome is the result of the discriminant function analysis. This analysis was able to classify correctly individuals as heterozygotes or homozygotes in 73 per cent (P<0.02) of cases for colony one and 61 per cent (P.<0.39) of cases for colony two. We believe these results suggest a discernible, although inconsistent, effect of MDH allozymes on development in honeybees.
